ABSTRACT For Ͼ20 yr, Bemisia tabaci Gennadius persists as a begomovirus vector and is a serious problem in tomato production in many parts of the world. In tropical countries, the use of netting to protect horticultural crops has proven to be an effective and sustainable tool against Lepidoptera but not against small insects. This study evaluated the repellent effect of AgroNet 0.9T, a 0.9-mm pore diameter and 40-mesh size netting treated with alphacypermethrin insecticide against B. tabaci. This pyrethroid insecticide is known to have toxic and repellent effects against mosquitoes and has been used for treatment of mosquito nets. Two nontreated netting materials were used as control: AgroNet 0.9NT with 0.9-mm pore diameter and 40-mesh size and AgroNet 0.4NT with 0.4-mm pore diameter and 80-mesh size. The behavior of B. tabaci and its parasitoid Encarsia formosa Gahan as they progressed through the treated netting was studied in the laboratory in choice and no-choice tests. The development of wild B. tabaci population on tomato plants protected by the same nets was followed in two Þeld trials implemented in Njoro, Kenya. Results obtained with the no-choice tests showed a signiÞcant reduction of movement on the treated net with 40-mesh (19%) compared with nontreated netting (35 and 46% with 80-and 40-mesh, respectively). The mortality of B. tabaci was signiÞcantly higher (two-fold) in the test tube containing only the treated netting compared with the nontreated one. The repellent effect of the treated netting was also demonstrated against E. formosa, but it did not have this toxic effect. Unlike for B. tabaci, the treated and nontreated nets appeared to have a similar repellent effect on E. formosa in the choice test, which suggests a learning behavior of the parasitoid. In both Þeld tests, B. tabaci population was signiÞcantly lower on tomato protected by the treated net compared with the same nontreated net. However there was no signiÞcant difference in B. tabaci population between the treated 0.9-pore diameter and the nontreated 0.4-pore diameter. We discussed these Þndings and their implications for the use of repellent netting in integrated pest management in horticulture and more speciÞcally in vegetable production.
The whiteßy Bemisia tabaci Gennadius is an important pest of many crops in tropical and temperate regions, both in greenhouses and the Þeld (Jing et al. 2003) . This pest can cause the following three kinds of damage: 1) direct damage (by sucking the sap from the plant), 2) indirect damage (in causing development of a sooty mold on the honeydew it excretes on plant leaves), and 3) transmission of plant viruses (such as tomato yellow leaf curl virus, a complex of geminiviruses infecting tomato cultures worldwide; Berlinger 1986) . Currently, it is difÞcult to establish tomato crops in open Þelds because of invasion by virusbearing B. tabaci whiteßies (Berlinger et al. 1996) . Moreover, whiteßies are difÞcult to control by insecticide foliar spray because they live on the underside of the leaves (Muniz et al. 2002 , Zhang et al. 2004 . Systemic insecticides, such as neonicotinoids or other chemicals acting on insect development, are currently used in greenhouses or in open Þelds. As a consequence, whiteßy resistance to these insecticides has emerged because of the high reproductive rate of this insect (Elbert and Nauen 2000, Perring 2001 ).
The development of insect-proof netting has permitted the cost-effective production of tomato and other vegetables, particularly in the Mediterranean region (Berlinger et al. 2002) . Various types of insectproof netting, and their efÞcacy and importance as physical control methods in agriculture have been extensively reviewed (Weintraub and Berlinger 2004, Weintraub 2009 ). In tropical regions with high temperature and humidity levels, the use of netting with Þne mesh smaller than 0.5 mm against whiteßies re-duces ventilation (Fatnassi et al. 2002) and tends to increase the risk of plant pathogen development.
However, promising results have been obtained in Benin by using pyrethroid-treated nets with 24-mesh size to protect cabbage against the aphid Lipaphis erysimi (Kaltenbach) (Martin et al. 2006) . Recently an alphacypermethrin-treated net with 40-mesh size was shown to be very effective for protecting a cabbage crop against aphids in France ). Long-lasting pyrethroid-treated nets have been widely used for personal protection against mosquitoes, and their use is recommended by the World Health Organization as a key preventive measure against malaria (Anonymous 2010) . Indeed, pyrethroid-treated nets have four main modes of action against mosquitoes: 1) physical barrier, 2) excito-repellency (contact with the insecticide causes mosquitoes to leave without biting), 3) knockdown, and 4) killing effect, all resulting in a dramatic reduction of mosquito bites (Anonymous 2007) .
The objective of this study was to evaluate the repellent effect of netting treated with alphacypermethrin against the whiteßy B. tabaci. The treated netting had 0.9-mm pore diameter and a 40-mesh size. In comparison, the two nontreated netting materials had 0.9-mm pore diameter and 40-mesh size and 0.4-mm pore diameter and 80 mesh size. The repellent and toxic effects of the treated netting were investigated in the laboratory against B. tabaci and its parasitoid Encarsia formosa Gahan. The development of wild B. tabaci populations on tomato plants protected by the same nets was followed in two Þeld trials implemented in central Kenya.
Materials and Methods
Insect. The biotype Q of the whiteßy B. tabaci (MPL strain) was reared on tomato (Solanum lycopersicum L.) plants in a climatic chamber at 25 Ϯ 1ЊC, 50 Ϯ 10% relative humidity (RH), and a photoperiod of 12:12 h. In Þeld test, the numbers of adult B. tabaci on each of the 14 middle plants in each experimental unit were counted once every week and the population recorded. Counting was done early in the morning (6: 00 Ð7:00 a.m.) when the pest is mostly inactive.
Netting. Netting, brand-named "AgroNets," was provided by A to Z Textile Mills Company (Arusha, Tanzania). The netting is made of knitted high-density polyethylene monoÞlament yarn: The AgroNet 0.9NT (treated and nontreated) with 0.9-mm pore diameter and 40-mesh size and the AgroNet 0.4NT (nontreated) with 0.4 mm pore diameter and 80-mesh. AgroNet 0.9T was treated by incorporation of 1% alphacypermethrin into high-density polyethylene polymer before extrusion of the yarn (97% purity active ingredient from Tagros Chemicals, Chennai, India), a treatment process similar to that of the longlasting treated mosquito net Olyset, a patented product from Sumitomo Chemical Company (Tokyo, Japan) in which 98% of the total active ingredient is incorporated into the polyethylene yarn.
Tube Test. The ability of B. tabaci adults to cross the three AgroNet 0.9T, AgroNet 0.9NT, and AgroNet 0.4NT, was initially investigated in a no-choice test. The no-choice test device consisted of two transparent plastic tubes (Ø 5 cm, L 10 cm) separated by one AgroNet. The tubes were closed using a Þne mesh AgroNet that whiteßies could not cross. An aluminum foil, to block out the light, covered one tube (darkened tube). To evaluate the repellent and toxic effects, 20 B. tabaci adults (of mixed sex and age) were released in the darkened tube. There were 5 replicates. The number of whiteßies crossing the net was recorded after 2, 4, and 6 h. After 6 h, dead adults were counted in each tube to determine initial mortality. Whiteßies found alive were placed separately on a tomato leaf, which was placed on agar gel (1%) in a petri dish, to evaluate delayed mortality 24 h after exposure.
The choice test device consisted of three plastic tubes (Ø 5 cm, L 10 cm) separated by two AgroNet. The tubes at both ends were closed using the same netting as described above. An aluminum foil was wrapped around the middle tube (darkened tube). Three different combinations were tested as follows: 1) AgroNet 0.9T vs. AgroNet 0.9T, 2) AgroNet 0.9T vs. AgroNet 0.9NT, and 3) AgroNet 0.9NT vs. AgroNet 0.9NT. For each test, 20 B. tabaci adults (of mixed age and sex) were released in the middle darkened tube. There were seven replications. The number of whiteßies crossing the AgroNet was counted in each lateral tube after 2, 4, and 6 h. The biological effect of AgroNet on the parasitoid E. formosa was also investigated using the same device with six replications of 20 E. formosa released in the middle tube for each combination of treatments.
Cage Test. Three cages were used, in the same manner as the choice test device described above. Large cages (30 by 40 by 60 cm) were used to allow B. tabaci to ßy and to introduce a young tomato plant. These cages had a lateral shape to increase their attractiveness. The outer cages were separated from the middle one by two pieces of netting of similar mesh, that is, AgroNet 0.9T vs. AgroNet 0.9NT. The middle cage in which insects were released had a black cardboard cover. All cages were also made of Þne mesh netting that whiteßies could not cross. In all, 50 Ð100 B. tabaci adults (of mixed age and sex) were released every day in the dark central cage. The number of whiteßies on the tomato plant that crossed the treated or the nontreated nets was counted in each cage every 24 h for 10 consecutive days and removed using a mouth aspirator. Each day the middle cage was emptied before introducing new B. tabaci.
Bioassay. To test pyrethroid susceptibility of the whiteßy strain used (MPL), a toxicity test was carried out. Tomato leaves were dipped in various concentrations of cypermethrin formulation (Cypermethrin 25 EC) provided by Arysta Life Science Corporation, Pau, France. Cypermethrin (a mixture of isomers) was preferred to alphacypermethrin, as it allows comparison of results with other assessments. Leaves were dipped for 10 s in aqueous solutions of insecticide formulation (11 concentrations) as per Houndé té et al. (2010) but the control leaves were dipped in distilled water. Afterwards, leaves were air-dried for 20 min at room temperature. Leaf discs were cut (20 mm in diameter) and positioned on agar-coated petri dishes (55 mm in diameter). Adults of B. tabaci (20 Ð30 whiteßies of mixed gender) from tomato plants were introduced into small plastic vials, maintained for 80 s at Ϫ20ЊC and then placed on the leaf discs. Each petri dish was closed with a transparent lid. Dishes were stored upside down at 24ЊC, 50% RH and a photoperiod of 12:12 (L:D) h, and mortality recorded after 48 h. Three replicates were made for each concentration and for the control. Mortality in the control was consistently lower than 10%. Mortality on treated discs were corrected using AbbottÕs formula (Abbott 1925) . In every plot, three posts 1.2 m in length were placed 4 m apart along the 8-m bed to serve as a support system for the cover and the crop. Binding wire was then pinned at 30-cm interval from the ground to the top of the posts to complete the crop support system. In addition, for the covered treatments, ordinary mild steel pieces 1 m in length were mounted on top of each post, fastened using U-nail and bent to provide a tunnel shape for dressing the covers. The Proc univariate procedure of SAS (version 9.1; SAS Institute, Cary, NC) was used to check for normality of the Þeld data before analysis. Data were then subjected to analysis of variance using the GLM at P Յ 0.05. Means for signiÞcant treatments, at the F-test, were separated using TukeyÕs honestly signiÞcant difference (HSD) test at P Յ 0.05.
Results
No-Choice Test. The results showed a repellent effect of the netting treated with alphacypermethrin, AgroNet 0.9T, against whiteßy adults compared with the nontreated net (Table 1) . After 6 h, the rate of B. tabaci adults that passed through the treated netting was signiÞcantly lower with AgroNet 0.9T sample (treated) than nontreated AgroNet 0.9NT and AgroNet 0.4NT samples (2.4-and 1.8-fold, respectively). However, passing-through rates did not differ significantly for both control samples despite the difference in mesh size. No mortality of whiteßies was observed after 4 h irrespective of the net used. After 6 h, mortality of whiteßies that passed through the treated netting was signiÞcantly higher (two-fold) than for the nontreated nets. Mortality rates did not differ signiÞcantly for both nontreated netting samples. Twenty-four hours after the no-choice test, mortality of whiteßies that crossed the treated netting was signiÞcantly higher (50%) than the nontreated sample (20% for AgroNet 0.9NT and 26% for AgroNet 0.4NT). Mortality rates observed in both control samples did not differ signiÞcantly. Values in the same column with the same letter are not signiÞcantly different.
Mortality was observed after 6 and 24 h.
Choice Test. The number of B. tabaci adults that crossed the netting toward the well-lit tubes was recorded after 2, 4, and 6 h ( Table 2) . After 4 and 6 h the passing-through rates were signiÞcantly higher for nontreated samples (AgroNet 0.9NT, 17.1%) than treated AgroNet 0.9T (7.9%). Furthermore, the crossing rate was signiÞcantly higher with two similar nontreated nets (23%) at both outer tubes than with the two similar treated nets (5%). These results conÞrmed the repellent effect of the alphacypermethrin-treated AgroNet 0.9T net.
For the parasitoid E. formosa, the number of adults that passed through the netting was counted in each well-lit tube after 2, 4, and 6 h, respectively (Table 3) . The results showed a repellent effect of the treated netting AgroNet 0.9T. After 4 and 6 h, the passingthrough rates of E. formosa were signiÞcantly lower for treated netting than untreated netting AgroNet 0.9NT when they had the choice between netting samples of the same mesh size, either treated or untreated. In contrast to B. tabaci (Table 2) , when choice was given to E. formosa to come through a treated netting or a nontreated netting (Test 2), the passing-through rates were almost identical between both netting materials ( Table 3 ). The crossing rates through both nontreated netting samples AgroNet 0.9NT were signiÞcantly higher. On the contrary, the crossing rates through the both treated netting samples AgroNet 0.9T were signiÞcantly lower. No mortality of E. formosa was observed in that test after 6 h.
Cage Test. The number of whiteßies that passed daily through the netting was signiÞcantly lower for treated netting (P value Ͻ0.05; Student paired t-test) than for the nontreated sample. The passing rates were very low when the middle cage was not covered compared with when the middle cage was darkened. When the middle cage was not covered, the passing rate through the netting was 3.0 Ϯ 0.4% for AgroNet 0.9T vs. 6.4 Ϯ 1.3% for AgroNet 0.9NT in average per day. The passing-through rates increased when the middle cage was darkened, reaching 29.5 Ϯ 10.8% and 48.5 Ϯ 17.2% for AgroNet 0.9T and AgroNet 0.9NT, respectively, in average per day.
Bioassay. The laboratory strain of B. tabaci (MPL) used for the study appeared to be resistant to cypermethrin (Table 4 ). The LC 50 of MPL strain was signiÞcantly higher (4-to42-fold) than the LC 50 of the susceptible reference strain (SUD-S) obtained by El Kady and Devine (2003), Roditakis et al. (2005) , and Ma et al. (2007) , but not by Kranthi et al. (2002) .
Field Tests. In both seasons, B. tabaci population density varied from 1.6 to 8.3 adults per plant in average on nontreated and noncovered tomato plants (Table 5 ). The population density of B. tabaci was always signiÞcantly lower on all other treatments with AgroNets at each observation date. In contrast to noncovered tomato, the population density of B. tabaci on covered tomatoes did not increase, always staying at a low level. However, in most of the observation dates, the population density of B. tabaci was signiÞcantly lower on treated net AgroNet 0.9T compared with the same nontreated net AgroNet 0.9NT, particularly in the beginning of the Season 1 and during the entire Season 2. The same result was observed with the nontreated net with smaller pore AgroNet 0.4NT, where the number of B. tabaci per plant was signiÞcantly lower compared with the nontreated net with bigger pore AgroNet 0.9NT. Indeed, the population density of B. tabaci on tomato plants protected by the treated net AgroNet 0.9T was not signiÞcantly different from the population density observed on tomato plants protected by the nontreated net AgroNet 0.4NT.
Discussion
Our laboratory and Þeld bioassays showed a repellent effect of the alphacypermethrin-treated netting AgroNet 0.9T against B. tabaci adults. We conÞrmed here the results obtained on cabbage aphids with AgroNet 0.9T . The physical barrier of the AgroNet 0.9NT was already very effective to protect tomato plants in both Þeld bioassays as the level of infestation was Ϸ10-fold lower than in noncovered plants. Moreover, the populations of B. tabaci on covered tomatoes by AgroNet did not increase as observed in noncovered tomatoes. This result suggests that B. tabaci adults leave the covered-plants after emergence and before mating. It could be because of a migratory behavior of B. tabaci as observed by Mound (1962) , which was not observed with cabbage aphids .
AgroNet 0.9T showed the same effectiveness as AgroNet 0.4NT with lower mesh size, as the difference of B. tabaci adults on tomato plants was not signiÞcant between both nets. Under laboratory conditions, whatever the test performed, the number of B. tabaci that crossed the treated netting AgroNet 0.9T was signiÞcantly lower than the number passing through the nontreated netting AgroNet 0.9NT. B. tabaci adults were likely in direct contact with the netting so the repellence mechanism could not be accurately characterized (e.g., vapor effect vs. contact effect). However, given the very low vapor pressure of alphacypermethrin (3.85 10 Ϫ5 mPa at 20ЊC), a distanceeffect through, for example, vapor was unlikely to occur. Although the repellent effect was not assessed separately, a repulsion contact was frequently observed with pyrethroids, for example, irritability or excito-repellency. Narashi (1971) showed that pyrethroids act on the neuromuscular system by blocking the nerve inßux; treated insects quickly develop hyperexcitation and tremor. With the cage test, we conÞrmed the repellent effect of the treated netting AgroNet 0.9T. This effect is mainly due to the excitorepellent effect of alphacypermethrin on B. tabaci after contact with the treated netting. Because of its low vapor pressure, alphacypermethrin had no or low masking effect with respect to the attractive volatile compounds of tomato plants. However, some volatile products from companion plants, such as coriander, could add an odor-masking effect (Togni et al. 2010) . Moreover, Bleeker et al. (2009) showed that whiteßies choose their host plants via odor and color-driven mechanisms and noticed that a net could mask the visual attraction exerted by a plant (shape and color). Our results also showed a toxic effect of the treated netting AgroNet 0.9T against B. tabaci adults compared with the nontreated netting. The relatively high a Untreated control had no pesticide applied. b Treated control was sprayed with alphacypermethrin-based insecticides on a weekly basis; Means followed by the same letter within a column and a season are not signiÞcantly different according to TukeyÕs HSD at P Յ 0.05. mortality rates observed with nontreated netting (Ϸ20% after 24 h) could be because of the mixed age of whiteßies used for the tests, desiccation of insects, and possible injury when whiteßies pushed through netting parts with irregular smaller pore. The toxic effect of the treated netting enhanced the protection provided by both the repellent and physical barrier effects. The repellent as well as the toxic effects were observed despite the presence of a 4-to 40-fold pyrethroid resistance condition of the laboratory MPL strain used in this study and probably also in populations from Kenya as the invasive and pyrethroid-resistant Q biotype has been recorded in East Africa (De Barro et al. 2011 ) and the local biotype ASL was showed to be pyrethroid-resistant in West Africa (Houndé té et al. 2010) . The treated netting AgroNet 0.9T could possibly be even more effective against susceptible populations of B. tabaci. It could also be less effective against populations of B. tabaci with higher resistance levels such as that observed in many part of the world (Kranthi et al. 2002 , El Kady and Devine 2003 , Roditakis et al. 2005 , Ma et al. 2007 , Wang et al. 2010 , Houndé té et al. 2010 . For example, a reduced efÞcacy of lambdacyhalothrin (pyrethroid)-treated mosquito nets against pyrethroid-resistant strains of the mosquito Anopheles gambiae Giles has already been observed (NЈGuessan et al. 2007) . Of interest, the deterrent effect of A. gambiae in treated huts (Þtted with treated mosquito net inside or sprayed with insecticide) observed in the area with resistant mosquitoes was stronger than the one observed with susceptible ones. This result raises the issue of mechanisms for repellence and toxicity that could be driven by different genes. Other products, such as natural or synthetic repellents, could also be used for treatment of agricultural netting instead of pyrethroids (Zhang et al. 2004 ) with lower risk for plant and soil contamination as well as insecticide residues in food.
The repellent effect of the AgroNet 0.9T was also observed with the parasitoid E. formosa. But unlike the whiteßies in the choice test, it appeared that E. formosa responded in the same manner to treated and nontreated netting. E. formosa apparently showed a learning behavior in approaching the netting. After Þrst contact with treated sample, E. formosa perceived both samples (treated and nontreated) as repellent. The absence of signiÞcant mortality of E. formosa observed in the presence of treated netting AgroNet 0.9T conÞrmed the repellent effect of pyrethroid at sublethal dose and suggested a learning behavior. This result also suggested that E. formosa released under a tunnel or a greenhouse protected with a repellent treated net would stay inside and not be killed by the product, thus improving protection of the crop through biological control (van Lenteren et al. 1996) .
In conclusion, the alphacypermethrin-treated netting AgroNet 0.9T showed a repellent effect against B. tabaci compared with the nontreated AgroNet 0.9NT. However, the physical barrier of the AgroNet 0.9NT was already very effective to protect tomato plants in our Þeld bioassays as B. tabaci population stayed at low level on covered tomato plants. By treating netting with contact repellent products it should be possible to use nets with bigger mesh size than recommended for whiteßy protection. In warm climate, netting with bigger mesh provides better ventilation to the crop and is cheaper to produce than netting with smaller mesh size. Indeed, the use of netting with Þne mesh may induce a signiÞcant rise in temperature and relative humidity (Bartzanas et al. 2009 ). On the contrary, in cold climate, the AgroNet 0.4NT improved the environmental conditions on covered tomatoes as compared with the AgroNet 0.9NT ). Treated netting with contact repellent properties can be used to protect plastic tunnel apertures or greenhouses. As survival of biocontrol auxiliaries was observed in our study, the use of repellent-treated netting would offer an attractive solution in the context of integrated pest management. These netting materials would be able to combine visual, physical, and chemical protection against major vector pests, such as whiteßies, while allowing effective control by auxiliaries and giving the possibility to create favorable microclimatic conditions under the protective netting (Gogo et al. 2012 , Muleke et al. 2013 .
